A B S T R A C T Persistent secretion of vasopressin and/ or diminished distal fluid delivery have been proposed to explain the impaired water excretion associated with low-output cardiac failure. In the present investigation cardiac output (CO) was diminished in anesthetized dogs undergoing a water diuresis by constriction of the thoracic inferior vena cava (TIVC). In intact animals (group I) acute TIVC constriction decreased CO from 3.5 to 2.2 liters/min (P < 0.005) as urinary osmolality (U05m) increased from 103 to 543 mosmols/ kg (P < 0.001) and free water clearance (CH20) decreased from 2.1 to -0.6 ml/min (P < 0.001). This antidiuretic effect was disassociated from changes in renal arterial and venous pressures, glomerular filtration rate, solute excretion, and renal innervation. To examine the role of vasopressin in this antidiuresis, studies.,(group II) were performed in acutely hypophysectomized, steroid-replaced animals. In these animals TIVC constriction decreased CO to a similar degree from 3.4 to 2.1 liters/min (P <0.001). However, the effects on U03m; (87-104 mosmols/kg) and CH20 (2.1-1.6 ml/min) were significantly less than in intact dogs. In another group of hypophysectomized animals, (group III) renal arterial and venous pressures were not controlled, and the effect of TIVC constriction on Uosm was not significant (65-79 mosmols/kg) although CH20 decreased from 3.3 to 1.9 ml/min (P < 0.001). In both the group II and III studies, there were linear correlations between the changes in CH2o and the urine flow.
INTRODUCTION
Acute constriction of the thoracic inferior vena cava (TIVC) ' has been used by numerous investigators (1) (2) (3) (4) as an experimental model of cardiac failure and is known to be associated with a diminished cardiac output (CO) (4) and increased tubular reabsorption of sodium (1) (2) (3) (4) . The effect of acute TIVC constriction on renal diluting capacity has not been previously investigated. An impairment in renal water excretion is, however, a frequent accompaniment of low-output cardiac failure (5) . Although the mechanism of this defect in water excretion is unknown, it has been suggested to be mediated by either increased release of vasopressin (6) or diminished delivery of fluid to the distal diluting segment of the nephron (5) . The present studies were therefore undertaken to examine the effect of acute TIVC constriction on renal water excretion and to define the mechanism of any such effect.
METHODS 40 experiments were performed on 24 mongrel dogs of either sex weighing 20-30 kg. Food was withheld 18 h before the experiment and all animals had free access to water. The animals were anesthetized with i.v. pentobarbital (30 mg/kg) and intubated and ventilated with a Harvard respirator (Harvard Apparatus Co. Inc., Millis, Mass.). Nine animals underwent transbuccal hypophysectomy through the hard palate on the morning of the experiment (7) . After induction of anesthesia, all animals received i.m. 5 mg of deoxycorticosterone in oil. At this 'Abbreviations used in this paper: CH2o, free water clearance; CO, cardiac output; GFR, glomerular filtration rate; Posm, plasma osmolality; RVR, renal vascular resistance; TIVC, thoracic inferior vena cava; Uosm, urinary osmolality.
The Journal of Clinical Investigation Volume 54 December 1974-1473-1479 time, each animal received an i.v. infusion of either 0.3% NaCl with 4 meq/liter of KCl or 2.5% dextrose at 10-15 ml/min which was continued throughout the experiment. TIVC constriction was produced either by placement of a snare around the TIVC or by inflation of a balloon placed in the TIVC via a femoral vein. TIVC constriction to a femoral venous pressure of 8-16 mm Hg was performed because this degree of TIVC constriction has been previously demonstrated to result in a significant, reversible fall in CO (4). Renal venous pressure was controlled in 10 animals by a snare placed around the abdominal vena cava above the origins of both renal veins. In 17 animals, an adjustable Blalock clamp was placed around the aorta above both renal arteries to control renal arterial pressure. One kidney was denervated in 10 animals by stripping the nerves from the renal pedicle and applying 95%o alcohol.
Carotid sinus denervation and bilateral cervical vagotomy were performed in four animals, as previously described (8) . Polyethylene catheters were placed in both ureters and renal veins through bilateral flank incisions using a retroperitoneal approach. In all animals, catheters were placed in the aorta via the branchial artery for continuous measurement of arterial pressure and in the vena cava via the femoral vein to estimate renal venous pressure. In the animals with a Blalock clamp around the aorta, the arterial pressure was also measured in the aorta below the clamp via a catheter inserted in the femoral artery. All pressures wvere measured using Statham transducers (Statham Instruments, Inc., Oxnard, Calif.). Clearances of inulin and para-aminohippuric acid were measured by standard methods (9) . The experiments were begun after a 1-2-h equilibration period when a hypotonic, stable urine flow had been obtained. During the experiments, urine was collected at 5-10-min intervals and arterial and renal vein samples were collected at the midpoint of alternate urine collections. CO was measured every other collection period by the dyedilution method (4) . In some animals two consecutive experiments were performed. The experiments were carried out according to the following protocols:
Acute TIVC constriction in intact animals with constant renal arterial pressure-group I. In these experiments urine flow was allowed to stabilize, then three to five control periods were obtained after which acute TIVC constriction was performed. Acute TIVC constriction in hypophysectomized animals zeithout constancy of renal venous and arterial pressuresgroup III. This study was performed to assess the extent to which failure to maintain constancy of renal arterial and venous pressure during acute TIVC constriction might enhance any vasopressin-independent effect.
The studies were, therefore, performed in steroid-replaced hypophysectomized animals. Otherwise, the protocol was the same as that used in the group I studies.
Acute Fig. 1 . The modest antidiuretic effect of TIVC constriction in hypophysectomized dogs was examined in relationship to distal delivery of fluid to the diluting segment (Fig. 2) . In the absence. of vasopressin, the linear correlation between urine flow and CG2o during both control and TIVC constriction periods suggests that any variation in these parameters was due to changes in distal fluid delivery out of the proximal tubule. Values from the group III experiments in which renal venous and arterial pressure were not controlled are also plotted in Fig. 2 and demonstrated the same phenomenon. The effects on systemic and renal hemodynamics in the intact and hypophysectomized animals were quite similar (Table I a and 6 ), although the effects on Uomm and CH2O were substantially different (Fig. 1) Fig. 2 ). In this group eight experiments were performed on four animals to delineate the degree of effect of acute TIVC constriction on water excretion in hypophysectomized animals when renal arterial and venous pressure are not controlled. In these animals, TIVC constriction was associated with an insignificant increase in Uosm from 65±7 to 79±11 mosmols/kg H20 which fell to 67±6 mosmols/kg H20 on release of the constriction. With TIVC constriction, CHI2o fell significantly from 3.3±0.2 to 1.9±0.3 mi/min (P <0.001) and increased to 2.8 J0.3 ml/min (P <0.005) on release of the constriction. The decrease in CH2o during TIVC constriction in the group III studies was significantly greater than those. changes observed with TIVC constriction in hypophysectomized animals in which renal venous and renal arterial pressure were controlled (group II). There were no significant differences in Po.i before, during, or after (279±3, 278+4, or 277±5 mosmols/ kg H20) TIVC constriction in these group III studies. As in all other studies, TIVC constriction was associated with a significant fall in mean systemic arterial pressure as parallel changes in renal venous and arterial pressure were allowed to occur. There was also a significant fall in GFR during the TIVC constriction.
Effects of acute TIVC constriction in baroreceptor denervated animals-group IV (Table I d , Fig. 1 ). In this group four studies were performed on four animals to examine whether changes in autonomic neural tone in parasympathetic pathways are responsible for vasopressin release with TIVC constriction. In these animals acute TIVC constriction decreased cardiac output from 4.0±1.4 to 2.9±0.9 liters/min (P < 0.001) which increased to 4.0+0.9 liters/min (P <0.001) on release of the TIVC constriction. No antidiuresis was observed in these studies as the Uosm's were 151+17, 145±+12, and 150±21 mosmols/kg H20 before, during, and after TIVC constriction, respectively. During the same periods CHa2o was 1.26+0.3, 1.42±0.3, and 1.55 ±0.5 ml/min before, during, and after TIVC constriction, respectively. The mean Posm's before, during, and after (252±5 to 250±4 to 248±5 mosmols/kg H2O) TIVC constriction were not significantly different. In these studies, TIVC constriction was associated with a decrease in CO and systemic arterial pressure while GFR and RVR were not significantly altered.
DISCUSSION
Low-output cardiac failure is known to be associated with an impaired capacity to excrete solute-free water (5, 6) . The mechanism involved in this disorder of water metabolism has not been defined. However, an effect mediated by persistent secretion of vasopressin (6) or an intrarenal effect mediated by diminished delivery of tubular fluid to the distal diluting segment of the nephron (5) have been proposed. In the present study, acute constriction of the inferior vena cava was used as a model of cardiac failure to further examine the effect of diminished cardiac output on renal water excretion. Several groups of experiments were performed to delineate the factors which might alter renal water excretion as CO is diminished.
In 8 of the 12 initial studies (group I), the effect of acute TIVC constriction on water excretion was examined in animals in which renal arterial and venous pressure were not allowed to change. Since changes in both renal arterial (10) and venous pressure (11) are known to affect tubular fluid reabsorption, it seemed important to examine whether acute TIVC constriction affects water excretion independent of these intrarenal hemodynamic alterations. In each Group I experiment performed in dogs undergoing a water diuresis, acute TIVC constriction diminished CO and caused an antidiuresis. This antidiuresis occurred in the absence of significant changes in glomerular filtration and solute excretion, two known determinants of renal water excretion (12, 13) . RVR, however, did increase during acute TIVC constriction in these intact animals, thus intrarenal hemodynamic factors could not be excluded as contributing to the antidiuretic response (14) . Even so, the profound increase in U.3m (103±-7 to 543±50 mosmols/kg) which occurred in association with this modest increase in renal vascular resistance, suggested that increased release of vasopressin could be a primary mediator of the antidiuretic response.
Studies therefore were performed in acutely hypophysectomized, steroid-replaced dogs undergoing a water diuresis. Such hypophysectomized animals may at times have lower mean arterial blood pressures and filtration rates than intact animals, but these animals nevertheless have been adequately shown to respond to exogenous vasopressin (15) . This model has therefore proved very useful in delineating the role of endogenous vasopressin in various circumstances in which renal water excretion may be altered, such as during alpha (15) and beta (17) adrenergic stimulation, bilateral cervical vagotomy (16) , angiotensin (17) , nicotine administration (18) , or atrial tachycardia (19) , In the present study, acute TIVC constriction was found to have only a slight effect on U..m (87+5 to 104+9 mosmols/kg) in animals in which the source of vasopressin had been removed. Even this modest effect was not significantly reversible. Similarly, Co20 decreased only modestly during acute TIVC constriction in these hypophysectomized animals (group II) as compared to the intact animals (group I). These results therefore lend support to the conclusion that increased release of vasopressin is a primary factor in the effect of acute TIVC constriction on renal water excretion. The possibility seemed likely, however, that the vasopressinindependent effect of acute TIVC constriction on renal water excretion might be more pronounced in the absence of control of renal arterial and venous pressure. This possibility was tested in the group III experiments in hypophysectomized animals in which renal arterial pressure fell and renal venous pressure rose during acute TIVC constriction. The resultant decrement in CH2o was indeed most pronounced in this group of experiments. The effect of acute TIVC constriction to increase profoundly U03m in intact animals, however, was not duplicated in this group of hypophysectomized, steroid-replaced animals.
Taken together, therefore, the present results indicate that both intrarenal factors and vasopressin release are involved in the effect of acute TIVC constriction to impair the renal capacity to excrete solute-free water. The vasopressin-dependent component of this antidiuretic effect appears to be primarily responsible for the osmotic water movement in the distal nephron and thus affects both U..m and CH,.O. Analysis of the vasopressin-independent component of the effect of acute TIVC on water excretion (groups II and III) demonstrated a linear correlation between changes in urine flow and CH2o (Fig. 2) . These results therefore indicate that the alterations in intrarenal factors during acute TIVC constriction diminish renal water excretion by altering the rate of tubular fluid delivery to the distal nephron. This diminished distal fluid delivery, however, was not of a sufficient degree to profoundly influence Uo.m.
Further studies (group IV) were also undertaken in the present investigation to examine the pathway whereby acute TIVC constriction stimulates vasopressin release. The results of recent studies from our laboratory (8, 16, 20) prompted us to examine whether intact parasympathetic pathways are necessary to demonstrate the effect of acute TIVC on renal water ex-cretion. Renal arterial, but not venous, pressure was kept constant in these experiments. In these group IV experiments, acute TIVC constriction was found not to significantly alter U08m or free water excretion. The modest rise in renal venous pressure in these experiments during acute TIVC constriction, thus does not seem to alter renal water excretion. More importantly, the results also suggest that acute TIVC constriction stimulates vasopressin release by altering parasympathetic neural tone. In this regard, this effect of acute TIVC constriction to increase vasopressin release is similar to the effect of beta adrenergic stimulation (17) . A similar alteration in renal water excretion can also be found to occur as arterial pressure at the level of the carotid sinus is diminished by bilateral carotid constriction to a similar degree as observed during acute TIVC constriction and beta adrenergic stimulation (19) . Changes in systemic arterial pressure thus appear to affect renal water excretion by two independent pathways. On the one hand, an alteration in pressure at the level of the arterial baroreceptors affects parasympathetic afferent tone which in turn modulates vasopressin release. At the same time, the concomitant change in renal arterial pressure affects renal water excretion primarily by altering the rate of distal fluid delivery to the diluting segment of the nephron. Both of these mechanisms are involved in the effect of acute TIVC constriction, and possibly low-output cardiac failure, on renal water excretion. It should be noted that acute TIVC constriction as a model of low-output cardiac failure, may not be completely analogous to low-output failure occurring in man with left ventricular disease in which the accompanying rise in left atrial pressure may activate left atrial receptors and antagonize baroreceptor stimulated antidiuretic hormone secretion (20) . However, in the hyponatremic patient with low-output cardiac failure, it is likely that the antidiuretic hormone-inhibiting effect of left atrial distension is overidden by baroreceptor-mediated antidiuretic hormone release.
